Introduction

Origins of Cortical Interneurons
The 2 major neuronal subtypes of the cerebral cortex, glutamatergic excitatory neurons and c-aminobutyric acidergic (GABAergic) inhibitory neurons, originate from distinct regions of the developing telencephalon. Excitatory projection neurons are born within the cortical neuroepithelium and migrate radially into the cortical mantle zone. The pallial origin of glutamatergic neurons was confirmed by fate-mapping experiments using transgenic mice (Gorski and others 2002) . Unlike glutamatergic cells, most GABAergic inhibitory neurons in rodents (for review, see Parnavelas 2000; Marin and others 2003) and ferrets (Anderson, Kaznowski, and others 2002) originate in the ventral telencephalon and migrate tangentially to reside in the developing cerebral cortex. Initial studies of the origin of GABAergic interneurons implicated the lateral ganglionic eminence (LGE) as the potential origin of cortical interneurons (de Carlos and others 1996; Anderson and others 1997; Tamamaki and others 1997) . Later studies using explant cultures and in vivo fate-mapping techniques showed that the medial ganglionic eminence (MGE) is the primary source of ventrally derived interneurons (Lavdas and others 1999; Sussel and others 1999; others 1999, 2001; Anderson and others 2001) . It remains unclear whether the small proportion of cortical interneurons that appear to originate in the rodent LGE represents a neurochemically, morphologically, or physiologically distinct subgroup (Anderson and others 2001; Wichterle and others 2001) .
Distinct Origins of Physiologically and Neurochemically Defined Interneuron Subgroups
Considering the anatomical, physiological, and molecular complexity of GABAergic interneurons raises the question of whether all interneuron subgroups share the same origins or whether they are generated from spatially distinct progenitors. In mammals, parvalbumin-(Pv), somatostatin-(SSN), and calretinin (Calr), expressing interneurons represent relatively nonoverlapping subgroups that account for roughly 80% of cortical interneurons (Kubota and others 1994; Gonchar and Burkhalter 1997) . Several studies have suggested that neurochemically distinct interneurons originate from different regions of the telencephalon. For example, the MGE appears to be the primary source of SSN-and Pv-expressing interneurons (Anderson and others 2001; Wichterle and others 2001; Anderson, Kaznowski, and others 2002; Valcanis and Tan 2003; Xu and others 2004) . On the other hand, neither in vitro nor in vivo transplantation and fate-mapping experiments were able to identify a significant number of Calr-expressing bipolar interneurons derived from the MGE. A study in which the fates of progenitors from various telencephalic regions were examined after culturing them on cortical feeder cells showed that Calr+ cortical interneurons are produced by the dorsal portion of the caudal ganglionic eminence (dCGE) (Xu and others 2004) . This result has been confirmed, with the important addition of the physiological characterization of transplanted interneurons, using homotopic, isochronic transplants of embryonic MGE or dCGE in mice (Butt and others 2005) .
In addition to the MGE and CGE, other sources of cortical interneurons have been proposed. Retroviral infection of the cortical subventricular zone (SVZ) of the human fetal slice cultures labels radially migrating cells that express GABA and 2 transcription factors associated with interneuron development, Mash1 and Dlx2 (Letinic and others 2002) . Although the results of this study suggest that most cortical interneurons in humans may originate in the cortical SVZ, the study also found evidence for a subpallial source of migrating interneurons. The presence of a cortical origin for cortical interneurons in primates is interesting in light of studies in other mammalian species. Cortical progenitors from rodents have the potential for generating GABAergic interneurons in vitro (Go¨tz and others 1995; Yung and others 2002; Gulacsi and Lillien 2003) . However, other studies have not supported a cortical source of interneurons in nonprimate mammals. For example, large injections of the S-phase marker 3 H-thymidine into the cortical proliferative zone of neonatal ferrets, when neurons are being generated for superficial cortical layers, label many glutamateexpressing pyramidal neurons but essentially no neurons that express GABA or the subgroup markers Pv, SSN, or Calr. In vivo retroviral injections into the cortical SVZ of the neonatal rat, albeit after the time range of most cortical neurogenesis, also failed to label cortical neurons (Suzuki and Goldman 2003) . Finally, mouse embryonic cortical progenitors cultured on cortical feeder cells also gave rise to very few putative interneurons (Xu and others 2004) . These results suggest that there may be a primate-specific source of interneuron genesis in the pallium, although further studies on the subject, including replication of the results in human or nonhuman primates, are needed. It must also be noted that interneuron genesis in the adult rodent cortex, possibly from NG2+ progenitors, has also been suggested (Belachew and others 2003; Dayer and others 2005) .
As genetic loss of function studies of mouse telencephalon continue, other sources of cortical interneurons may be identified. For example, a septal--cortical migration of putative interneurons has recently been described through analysis of null mutants for the homeobox-containing transcription factor Vax1 (Taglialatela and others 2004) .
Nkx2.1 Is Required for the Specification of MGE-Derived Interneuron Subgroups
Different origins of interneuron subgroups suggest that their fate is determined by distinct developmental pathways. As noted above, the MGE appears to be the primary source of Pvand SSN-expressing interneurons. Nkx2.1, a homeodomaincontaining transcription factor that is expressed in the MGE and in the more ventrally located preoptic region, is required for normal development of the MGE (Sussel and others 1999) . In Nkx2.1 null mice, the MGE-like domain is essentially replaced with tissue expressing markers of the LGE. In addition, these mutants have a roughly 50% reduction of cortical GABAexpressing cells at embryonic day (E) 18.5 (Sussel and others 1999) and essentially no cortical cells expressing detectable levels of SSN and neuropeptide Y (NPY) the neuropeptide NPY at this time (Anderson and others 2001) . Unfortunately, further analysis of interneuron subgroup losses in this mutant is compromised by its death at birth due to the absence of lungs. To circumvent this problem, primary cultures made from E18.5 Nkx2.1-/-or control cortices were maintained for 2--4 weeks in vitro. In contrast to the controls, no SSN-or Pvexpressing cells were detected in Nkx2.1-/-cultures, but the generation of Calr-expressing bipolar interneurons was not perturbed (Xu and others 2004) . To determine whether this phenotype is likely to result from a cell-autonomous effect of Nkx2.1 loss of function, dissociated cells from E14.5 Nkx2.1-/-MGE-like region or controls were cultured on cortical feeder layers obtained from wild-type neonatal cortices. After 2--4 weeks in vitro, the Nkx2.1-/-cells failed to give rise to NPY-, SSN-, or Pv-expressing cells (Xu and others 2004) . Interestingly, in contrast to control transplants, some of the Nkx2.1-/-MGE-like cells expressed the striatal medium spiny neuron marker DARPP32 consistent with gene expression analysis showing replacement of normal MGE with LGE-like tissue in this mutant (Sussel and others 1999) .
Regulation of Nkx2.1 Expression during Telencephalic Patterning
Evidence that Nkx2.1 function is required for the specification of major subgroups of cortical interneurons suggests that the regulation of this gene can determine how many of what subgroups of interneurons are generated. Nkx2.1 expression in the pallidal proliferative zone is initially induced by Shh, a secreted signaling molecule initially expressed in the prechordal mesoderm, then within the ventral telencephalon including the proliferative region of the preoptic area and the mantle region of the MGE (Ericson and others 1995) . Elimination of Shh leads to the dorsalization of the ventral telencephalon (Chiang and others 1996) , whereas overactivation of Shh signaling results in the dorsal expansion of ventral-specific genes including Nkx2.1 (Goodrich and others 1997) . However, the competency of dorsal telencephalic tissue to respond to ectopic Hh signaling by inducing Nkx2.1 ends before E11.5 (Kohtz and others 1998; Rallu and others 2002) .
During patterning of the mouse spinal cord, Shh signal transduction appears to require the activity of the Gli family of zinc-finger--containing transcription factors (Bai and others 2004 , for review, see Ruiz I Altaba and others 2002). Two Gli proteins, Gli1 and Gli2, generally promote ventral patterning in response to Shh signaling. In contrast, at low levels of Shh signaling, the Gli3 protein is cleaved from a weak activator into a repressor form (Gli3 repressor [Gli3R] ) that promotes dorsal patterning (Tole, Ragsdale, and Grove 2000; Wang and others 2000) . Inhibition of Gli3R formation appears to be the primary role of Shh in telencephalic patterning as 1) telencephalic patterning is grossly normal in Gli1/Gli2 double mutants (Park and others 2000) and 2) there is a substantial rescue of ventral telencephalic patterning, including expression of Nkx2.1, in Shh/Gli3 double null mutants (Rallu and others 2002) . These results suggest that Shh signaling serves a permissive role in ventral patterning that is then established by the actions of another signaling system (Rallu and others 2002) .
Two other signaling systems that impact on Nkx2.1 expression in the ventral telencephalon are the bone morphogenetic proteins (BMPs) and fibroblast growth factors (FGFs). BMPs, members of the TGFb family of secreted growth factors, predominantly act as dorsalizing signals in the neural tube (Liem and others 1995; Furuta and others 1997) . Multiple lines of evidence suggest that minimizing BMP signaling in the ventral telencephalon is necessary to permit ventral patterning. For example, both upregulation of dorsal BMP signaling, as in LRP2 null mice (Spoelgen and others 2005) , or reduced ventral inhibition of BMP signaling, as in Chordin-/-:Noggin+/-mutants (Anderson, Lawrence, and others 2002) , result in loss of ventral telencephalic patterning including expression of Nkx2.1.
FGF signaling has also been implicated to play a role in the patterning of the telencephalon (Fukuchi-Shimogori and Grove 2001; Ohkubo and others 2002; Gunhaga and others 2003) . Like the BMP signaling inhibitors Noggin and Chordin, FGF8 is expressed within the anterior neural ridge (ANR), where its expression is required for formation of the rostral forebrain. Although a direct connection between FGF signaling and the regulation of Nkx2.1 expression has not been established, there is indirect evidence that FGF8 controls Nkx2.1 during telencephalic patterning. For example, the manipulations of BMP signaling noted above also reduce expression of FGF8 (Anderson, Lawrence, and others 2002; Spoelgen and others 2005). Removal of the FGF8-expressing ANR results in loss of Foxg1 (Bf1) in the adjacent anterior neural plate/telencephalic anlage, and addition of FGF8-expressing beads can rescue Foxg1 and apparently also Nkx2.1 expression (Shimamura and Rubenstein 1997) . These results, combined with the failed formation of the ventral telencephalon in Foxg1 mutants, suggest that FGF8 acts directly or indirectly upstream of Nkx2.1.
Maintenance of Nkx2.1 Expression during Neurogenesis
After its role in initial patterning of the telencephalon (E9--E12, Fuccillo and others 2004) , Shh continues to be expressed during the period of primary neurogenesis of cortical interneurons (E12--E16). Shh expression throughout this period and postnatally supports progenitor proliferation and maintains multipotent progenitor ''niches'' (Britto and others 2002; Machold and others 2003; Fig. 2B) . The mechanism by which it accomplishes this action is unclear, although evidence from precursors of cerebellar granule cells suggests that the oncoprotein Nmyc1 and one of its targets cyclin D2 may be involved (Knoepfler and others 2002; Kenney and others 2003) .
In addition to its role expanding/maintaining the proliferation of neuronal progenitors, Shh signaling during the age of primary neurogenesis also maintains the identity of Nkx2.1-expressing progenitors in the MGE (Xu and others 2005) . Blockade of Shh signaling in vitro or conditional deletion of Shh signaling in telencephalic progenitors in vivo (Nestin-Cre:Shh Fl/Fl ) reduced both Nkx2.1 expression by S-phase (BrdU+ after 1-h pulse) MGE progenitors and the proportion of SSN-and Pv-expressing cortical interneurons generated by the MGE. Addition of exogenous Shh to telencephalic slices from Nestin-Cre:Shh Fl/Fl mutants reversed both the reduction of Nkx2.1 expression in S-phase cells and the ability of these cells to generate SSN-expressing interneurons (Xu and others 2005) . Despite the dramatic effect of Shh signaling loss on Nkx2.1 expression by S-phase cells and on the interneuron fate of these cells, there was no gross effect of Shh signaling loss on cell death, acute BrdU incorporation, or general MGE identity (Xu and others 2005) . These results suggest that Nkx2.1 levels in MGE progenitors are dependent on Shh signaling.
Because the generation of MGE-derived cortical interneurons is likely to be a critical step in determining the balance of excitation and inhibition in the cerebral cortex, in light of the results discussed above it is important to determine the mechanism by which Shh maintains Nkx2.1 expression during neurogenesis. Our initial hypothesis is that Shh maintains Nkx2.1 expression by a similar mechanism as that used in initial patterning by inhibiting the proteolytic cleavage of Gli3 into the Gli3R. To test this possibility, Shh signaling was inhibited in telencephalic slices by cyclopamine (Cooper and others 1998) , a process that results in an abrupt downregulation of Nkx2.1 in the MGE without grossly altering the density of S-phase cells (Xu and others 2005) . Interestingly, cyclopamine applied to telencephalic slices from Gli3 mutants still results in a large reduction of Nkx2.1 expression (Fig. 1) , suggesting that another mechanism accounts for the Shh maintenance of Nkx2.1 during interneuron genesis.
Methods
Gli3 heterozygous (Xt J , extra toes) mice were obtained from the Jackson Laboratory (Bar Harbor, ME) and maintained on CD1 background to reduce the frequency of exencephaly in -/-embryos (Grove and others 1998; Theil and others 1999) . Only the nonexencephalic Gli3 homozygous mutant brains were included in our experiments. At E12.5, homozygous Gli3-/-embryos were distinguished from their wildtype and Gli3+/-littermates based on the morphology of the embryos (Johnson 1967; Hui and Joyner 1993) . As no morphological or molecular differences between Gli3 wild-type and Gli3+/-embryos were detected (Grove and others 1998), these 2 groups were combined and considered as controls. The genotype of embryos was also confirmed by polymerase chain reaction analysis (for primer sequences, see Buscher and Ruther 1998) .
Coronal 250-lm-thick telencephalic slices were prepared from E12.5 control (+/+ and +/-) or Gli3 null mice as described (Anderson and others 1997) . The slices were maintained on polycarbonate filters floating on Nb/B27 medium (Gibco, Rockville, MD) in the presence or the absence of the Shh signaling inhibitor cyclopamine (10 lM dissolved in ethanol, Toronto Research Chemicals, Ontario, Canada). In the absence of cyclopamine, slices were exposed to equal amount of ethanol (0.05% volume). After 24 h in culture, slices were fixed in 4% paraformaldehyde, cryoprotected in graded sucrose (10--30%), embedded in optimal cutting temperature (OCT) compound, and sectioned at 16 lm on a cryostat. Sections were processed for immunofluorescence Figure 1 . Cyclopamine blocks Nkx2.1 expression in slices from Gli3 mutant embryos. Inhibiting Shh signaling by cyclopamine reduces Nkx2.1 expression even in the absence of Gli3. (A--D) Immunofluorescence labeling of Nkx2.1 in resectioned (16 lm) telencephalic slices dissected from E12.5 Gli3 control (+/+ and +/-) or Gli3 null mutant brains and cultured for 24 h either in the presence or in the absence of the Shh signaling inhibitor cyclopamine (10 lM in 0.05% EtOH). (A, C) Nkx2.1 is normally expressed in the proliferative region of the MGE and the more ventrally located preoptic area and also in some postmitotic cells in the mantle region of the MGE. In the absence of cyclopamine, slices were exposed to 0.05% ethanol added to the culture medium. (B, D) Cyclopamine reduces Nkx2.1 expression in the proliferative zone of the MGE in both Gli3 control (B) and Gli3 mutant (D) slices, whereas it does not affect Nkx2.1 expression in the mantle zone of the MGE.
and labeled for Nkx2.1 (mouse anti-Nkx2.1, 1:300, Neomarkers (Fremont, CA), visualized with Alexa-594 anti-mouse secondary antibody, Molecular Probes (Eugene, OR)).
Results
Maintenance of Nkx2.1 Expression by Shh Does Not Require the Suppression of the Gli3R
Although Gli3 mRNA is expressed most strongly in the pallial telencephalon, and the Gli3 loss of function phenotype primarily affects the patterning and development of the pallium (Grove and others 1998; Theil and others 1999; Tole, Goudreau, and others 2000) , both full length and small amounts of truncated Gli3 proteins are expressed in the ventral telencephalon (Zaki and others 2005) . Consistent with previous reports, the loss of Gli3 does not cause expansion of the Nkx2.1 domain into the overlying LGE (Theil and others 1999; Tole, Goudreau, and others 2000) . The MGE appears to be enlarged in the Gli3 mutants; however, Nkx2.1 expression remains confined to the MGE (Fig. 1C) .
To determine whether the loss of Nkx2.1 expression that occurs in response to cyclopamine is mediated by the Gli3R, telencephalic slices from Gli3-/-E12.5 embryos were cultured 24 h in the presence of cyclopamine (10 lM). Cyclopamine results in a marked reduction in Nkx2.1 expression in the proliferative region of the MGE in slices obtained from control brains (N = 5, compare Figure 1A , B; also Xu and others 2005).
Importantly, this reduction occurs without a gross alteration of BrdU incorporation, suggesting that the loss of Nkx2.1 expression is not simply due to enhanced cell cycle exit in the absence of Shh signaling (Xu and others 2005) . Despite the evidence that Shh functions in ventral patterning mainly by blocking formation of the Gli3R (Rallu and others 2002) , cyclopamine treatment of the Gli3-/-slice culture still results in a robust downregulation of Nkx2.1 expression (N = 5, Fig. 1D ). These results suggest that the maintenance of Nkx2.1 by Shh signaling in MGE progenitors can be mediated by a Gli3-independent mechanism.
Discussion
Although these results do not negate the possibility that repression of the Gli3R formation is one aspect of Shh regulation of Nkx2.1 expression during neurogenesis, they raise the possibility that other mechanisms are involved. One possibility is that in the absence of Gli3, Gli2R formation occurs in response to cyclopamine. However, functional Gli2R formation has not been demonstrated in the central nervous system (Lei and others 2004) . Another possibility is that Shh maintains Nkx2.1 expression via the activator properties of Gli1 or Gli2. This would seem unlikely because Gli1/Gli2 double mutants have a grossly normal Nkx2.1 expression domain in the ventral telencephalon (Park and others 2000) . Interpretation of this finding is complicated by the possibility that Gli3 activator (Gli3A) function mediates Shh signaling in the absence of Gli1/Gli2, although Gli3A function itself appears to require (Britto and others 2002; Machold and others 2003) , promoting overall growth of the developing brain. The mechanism by which Shh accomplishes this action is unclear, although evidence from precursors of cerebellar granule cells suggests that the oncoprotein Nmyc1 and one of its targets cyclin D2 may be involved (Knoepfler and others 2002; Kenney and others 2003) . (C) Recent data showed that Shh is necessary to maintain Nkx2.1 (green nuclei) in MGE progenitors (blue) during neurogenesis (Xu and others 2005) and to regulate the subsequent generation of cortical and striatal interneurons from Nkx2.1-expressing transitamplifying progenitors (orange).
1 In contrast to Nkx2.1 regulation during initial patterning, during neurogenesis Nkx2.1 expression is sensitive to changes in the level of Shh signaling even in the absence of Gli3 (Fig. 1) .
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Other Gli proteins, Gli1 or Gli2, can also be responsible for maintaining Shh-induced Nkx2.1 expression, although the telencephalon of Gli1/Gli2 double mutants shows no obvious alterations in the expression of Nkx2.1 (Park and others 2000) . Gli1 (Bai and others 2004) . Interestingly, we have been unable to identify a Gli consensus binding sequence (59-GACCACCCA-39 [Kinzler and Vogelstein 1990] , 59-TGGGTGGTC-39 [Aruga and others 1994] ) in the Nkx2.1 promoter region. A putative Glibinding site has recently been reported in the Nkx2.1 promoter (Hallikas and others 2006) , but this site (actually, 3 of them) appears to be over 70 kb downstream of Nkx2.1 (Xu Q and Anderson SA) . Conceivably, Gli activator could regulate Nkx2.1 by the activity of an upstream gene such as Six3, another transcription factor associated with loss of ventral telencephalic patterning (Lagutin and others 2003) . In support of this possibility, ectopic expression of Six3 in the ventral midbrain confers competency of this tissue to respond to exogenous Shh by inducing Nkx2.1 (Kobayashi and others 2002) .
Could Shh maintain Nkx2.1 expression by a Gli-independent mechanism? In the ventral spinal cord, several lines of evidence, including the similarity between the ventral phenotypes of the Shh signaling effector Smoothened mutants and Gli2/Gli3 double mutants, suggest that all Shh signaling occurs through Gli proteins (Bai and others 2004; Lei and others 2004) . However, a Gli-independent function of Shh was suggested in the activation of expression of chicken ovalbumin upstream promoter-transcription factor (COUP-TF)II, a member of the nuclear receptor subfamily (Krishnan and others 1997) . In P19 cells, this activation requires a specific promoter element and phosphatase activity but not the presence of a Gli activator. We were unable to identify a similar sequence in the proximal 613 bases of the Nkx2.1 promoter, but a consensus binding sequence is present just 40 bases from the coding region (577--591; atgggcaagGGTCA). COUP-TFI and COUP-TFII are expressed in the MGE (Tripodi and others 2004) raising the possibility that these genes promote Nkx2.1 expression downstream of Shh signaling after patterning has been established.
In summary, here we provide evidence that Shh can maintain Nkx2.1 in MGE progenitors in a Gli3-independent manner. This result suggests that distinct mechanisms mediate Shh regulation of Nkx2.1 expression during the initial patterning and later maintenance phases (Fig. 2) . Because this maintenance is critical to the generation of MGE-derived cortical interneurons, it will be important to identify other factors that impact this system. During initial patterning, downstream effectors of Shh signaling, including Six3 and possibly FGF8, repress the dorsalizing influences of both BMP and Wnt signaling (Ohkubo and others 2002; Backman and others 2005; Gestri and others 2005) . Whether these systems are also involved in maintenance of Nkx2.1 expression remains unclear, but conceivably this will involve converging, activating, and repressing signals that individually determine not whether Nkx2.1 will be expressed, but how strongly or stably this expression will occur on both the mRNA and protein levels. Identifying these regulators, and the cofactors that specify interneuron subgroups together with or downstream of Nkx2.1, should ultimately permit the construction of a model for determining the composition of interneurons that are critical for cerebral cortical function.
Notes
